Catalytic mechanism of ethylbenzene dehydrogenation over Fe-Co/Mg(Al)O derived from hydrotalcites has been studied based on the XAFS and XPS catalyst characterization and the FTIR measurements of adsorbed species. Fe-Co/Mg(Al)O showed synergy, whereas Fe-Ni/Mg(Al)O showed no synergy, in the dehydrogenation of ethylbenzene. Ni species were stably incorporated as Ni 
Introduction
Styrene, an important basic chemical as a raw material for polymers, is produced commercially by the dehydrogenation of ethylbenzene using an Fe-K oxide catalyst in the presence of a large amount of superheated steam at 600-700 °C [1] . Steam affords the heat to shift the chemical equilibrium of the endothermic reaction toward higher conversion to styrene [2] , assists the formation of active KFeO 2 species [3] and suppresses the formation of coke on the catalyst [4] . However, one should notice that steam is used in a large excess molar amount with respect to ethylbenzene (6-13:1), leading to a huge amount of energy consumption (1.5×10 6 kcal/styrene ton) [5] .
Moreover, the commercial Fe-K oxide catalyst has some disadvantages: unstable active Fe 3+ sites [6] , small surface area and the migration and loss of potassium promoter [7] [8] [9] .
The search for new catalysts which have large surface areas and can stabilize the active state of iron, in the absence of potassium and steam, is much needed. Aluminum was proved to be an excellent promoter, preventing sintering in iron-oxide catalysts [10] .
MgO had especially good characteristics as an additive among a series of alkaline earth oxides [11] . Mg to a precipitation of heavy slurry. After the solution was aged at 60 °C for 24 h, the precipitates were filtrated, washed with de-ionized water (1000 ml), dried in air at 100 °C for 4 h, and calcined at 550 °C for 12 h in a muffle furnace in a static air atmosphere. The concentration of Na + in the catalysts after the calcination was confirmed to be below 10 ppm by atomic absorption (AA).
Characterizations of catalysts.
The catalyst precursors and the catalysts were characterized by AA, powder X-ray diffraction (XRD), nitrogen adsorption-desorption (N 2 absorption-desorption), X-ray photoelectron spectroscopy (XPS), X-ray absorption spectroscopy (XAFS) and Fourier-transformed infrared spectroscopy (FTIR).
AA measurements were carried out with a Perkin Elmer AAnalyst 100 using a mixed gas of acetylene-N 2 O-air. XPS measurements were performed on a Perkin Elmer 1600E spectrometer using Mg Kα radiation as excitation source. In charge-up correction, the calibration of binding energy (BE) of the spectra was referenced to the C 1s electron bond energy corresponding to graphitic carbon at 284.5 eV. In addition, relative atomic sensitivity factors (ASF) were used to determine practically more accurate chemical compositions on the surface. X-ray absorption spectroscopic measurements were performed at room temperature in a transmission mode at the EXAFS facilities installed at the BL01B1 line of SPring-8 JASRI, Harima, Japan, using a Si(1 1 1) monochrometer. The data were collected in a quick-XAFS mode. Data reduction was carried out with REX2000 ver.2.5.9 program [16] . The sample was mixed with boron nitride as a binder and then pressed into a disk (10 mm in diameter). Energy was calibrated with Cu K-edge absorption (8981.0 eV); the energy step for measurement in the XANES region was 0.3 V. The adsorption was normalized to 1.0 at an energy position of 50 eV higher than the adsorption edge. . The catalyst sample, about 30 mg, was pressed into a self-supported wafer, pretreated at 550 °C under vacuum (<10 -6 mbar) for 1 h, and then background spectrum was recorded after cooling the sample to 25 °C. Ethylbenzene was adsorbed on the sample at room temperature and sequentially evacuated at 450 °C and 550 °C, while 1-phneylethanol, acetophenone and pyridine were adsorbed at room temperature and sequentially evacuated at room temperature, 100 °C and 400 °C. Difference spectra were obtained by subtracting the background spectrum recorded previously.
Catalyst test
Dehydrogenation of ethylbenzene was conducted using a continuous gas-flow reactor with a fixed bed catalyst (Autoclave Engineers Ltd. Model 401 C 0286) at atmospheric pressure. In the dehydrogenation reactions, typically 0.15 g of catalyst, which had been pelletized to the particles 0.3-0.8 mm in diameter, was loaded into the reactor. The catalyst was pre-treated in a He gas flow (100 ml min ) was fed by micro-feeder under a He flow (100 ml min -1 ). He was used as a carrier gas instead of N 2 , because N 2 can be activated to form NH 3 in the presence of H 2 over Fe catalysts. The reaction was carried out for 3 h of time-on-stream at 550 °C.
The reaction products (styrene, toluene, and benzene) and ethylbenzene were analyzed by on-line gas chromatograph equipped with FID using a HP-INNOWAX column. None of other hydrocarbons was detected. Analysis of hydrogen was performed with a TCD gas chromatograph using a packed Molecular Sieve-5A column.
All the lines and valves between the cold trap and the reactor were heated to 150 °C to prevent any condensation of ethylbenzene or of the dehydrogenation products.
Results and Discussion
3.1. Surface area, metal composition and crystal structure of the catalysts The specific surface areas of the catalysts are shown in Table 1 . All catalysts exhibited a large surface area due to the porous structure derived from hydrotalcites as the precursors. An exceptionally small surface area of Fe 0.5 /Zn 3 (Al 0.5 )O may be due to the formation of well crystallized ZnO phase arising from phase separation of Zn(OH) 2 from hydrotalcite during the preparation [15] . As previously reported [13] , the metal compositions obtained with AA measurement well coincided with those expected from the amount of raw materials used. This is also due to the formation of hydrotalcite precursors which can accommodate all metal components in the structure after the co-precipitation. was incorporated in spinel than periclase compared to the values expected from XRD analyses [13, 14] . Contrarily, ºC, and each was tested in the dehydrogenation of ethylbenzene (Fig. 1 ). In the previous paper, we reported that the activity evaluated by styrene yield at 30 min of the time-on-stream was not affected significantly by the calcination temperature [13] . In the present work, the activity was compared by the ethylbenzene conversion during the reaction after 60 min of time-on-stream. All catalysts calcined at 550, 650 and 750 ºC showed almost the same conversion, but the catalyst calcined at 850 ºC alone showed a decreased conversion. The selectivity to styrene was nearly the same independently of the calcination temperature between 550 and 850 ºC. These results clearly indicate a decrease in the number of the active sites after the calcination at 850 ºC. [29] . This well coincided with the results obtained by
XPS analyses of Fe
Mössabauer and XPS analyses [13, 14] . The Fe K-edge XANES for the catalysts is a little different from that of α-Fe 2 O 3 and close to that of Fe 3 O 4 reported by Chen et al [29] . The pre-edge peak arises from a 1s → 3d transition, which is forbidden in octahedral coordination but occurs in coordination without inversion center (distorted octahedral, tetrahedral) [30] . It is known from high resolution measurements that the pre-edge peak is sharp and more intensive with Fe 3+ in tetrahedral coordination [31] .
However, the pre-edge peaks of all catalysts were neither sharp nor intense and, moreover, separated into two peaks (Figs. 5Ab, c in distorted octahedral coordination) showed more intense pre-edge peak than those of all catalysts (Fig. 5Aa) . Moreover, the pre-edge peak of α-Fe 2 O 3 was split into two peaks, the second peak of which was substantially intensified compared to the first peak. Contrarily, all catalysts showed rather weak pre-edge peak split into two peaks, the intensities of which were almost comparable each other (Figs. [36, 37] , the transition is most intense when the first coordination shell lacks inversion symmetry. Therefore, the pre-edge feature is most intense for tetrahedral symmetry but should not be permitted for octahedral symmetry. In the present work, a weak pre-edge peak was observed at 7707 eV for all samples (Figs. 6a, b and c) . The intensity of the pre-edge peak was higher for Co 0. corresponded to hydrocarbons decomposition fragments, presumably as oligomers of reactant and/or product species (Fig. 9e) [38, 39] . It was also reported that intense IR bands were observed at about 1360 and 1590 cm -1 for ground graphite, carbon blacks and some activated carbons [40] . However, these bands totally disappeared at 550 ºC, suggesting that these fragments were almost decomposed and desorbed, leading to no coke formation on the catalysts, (Fig. 9f) . is assigned to styrene in gaseous phase [38] . These suggest at 500 ºC (Fig. 9b) and may be assigned to free CH 2 =CH 2 [45] , suggesting that an occurring of styrene decomposition on Mg 3 Fe 0.5 Al 0.5 .
FTIR of pyridine adsorbed on the catalysts
The basicity of the were observed (Fig. 10e) . The band at 1443 cm -1 is assigned to L-Py, whereas the band at 1592 cm -1 is assigned to physisorbed or hydrogen-bonded pyridine (H-Py) [48] . These bands almost disappeared after evacuation at 400 ºC ( In the previous paper [15] , we proposed the following mechanism: ethylbenzene (EB) which abstracts the β-hydrogen leading to styrene formation [52] .
In the present work, we presumably assigned the band at 1246 cm
This assignment may be confirmed by the FTIR measurements of 1-phenylethanol and acetophenone as a reference. When 1-phneylethanol (Fig. 9g ) was adsorbed on may be assigned to ν(C=O) of free acetophenone (Fig. 9i) , or that formed from 1-phenylethanol on the catalyst (Fig. 9g ) [53] . The band of ν(C=O) of acetophenone shifted toward lower wave numbers at 100 ºC (Figs. 9h and j).
It is thus most likely that the band at 1246 cm The metal composition was calculated from the XPS analytical results.
•, Fe/Mg ratio; ■, Co/Mg ratio. 
